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Measurements of gravitational lensing of the cosmic microwave background (CMB) hold the
promise of yielding unique insights into cosmology at high redshift. Uncertainties due to bary-
onic effects associated with galaxy formation and evolution, including gas cooling, star formation,
and feedback from active galactic nuclei (AGN) and supernovae, have typically been neglected when
forecasting the sensitivity of future CMB surveys. In this paper, we determine the impact of these
effects using four suites of hydrodynamical simulations which incorporate various prescriptions for
baryonic processes, namely OWLS, BAHAMAS, Horizon, and IllustrisTNG. Our analysis shows
characteristic power suppressions of several percent in CMB lensing due to baryonic effects, com-
pared to dark-matter only simulations, at experimentally observable angular scales. We investigate
the associated bias in the inferred neutrino mass for experiments like the upcoming Simons Obser-
vatory and CMB-S4. Depending on the experimental precision and the strength of the baryonic
feedback within the simulations, biases in the neutrino mass sum show significant dispersion, rang-
ing from very small to an over-estimation by 1.1σ. We conclude that baryonic effects will likely be
non-negligible for a detection of neutrino mass using CMB lensing.
I. INTRODUCTION
Gravitational lensing of the cosmic microwave back-
ground (CMB) [1] has emerged as a powerful probe of
cosmology. After numerous detections with data from
ground-based telescopes (e.g. [2–5]) and the WMAP and
Planck satellites (e.g. [6–8]), a base set of analysis tech-
niques is now well-established. Future measurements
promise to contribute to several scientific goals, such
as improving constraints on primordial non-Gaussianity,
neutrino mass, and the cosmic growth history [9, 10];
enabling precise estimates of galaxy cluster masses [11];
providing a valuable input to primordial gravitational
wave searches by allowing for “de-lensing” of CMB B-
mode polarization maps [12]; and improving calibration
of cosmic shear measurements at lower redshifts [13].
To make good on this promise, however, upcoming
lensing measurements will need to control for a plethora
of systematics related to beam calibration [14], galactic
and extragalactic foregrounds [15–17], and non-Gaussian
clustering of the lenses [18, 19]. In addition, we must
have confidence in our modelling of the lensing signal it-
self. The most commonly considered statistic, the lensing
potential power spectrum, is directly related to a line-
of-sight projection of the underlying matter power spec-
trum, so any modelling uncertainties on the latter will
inevitably translate to the former.
Most predictions for the matter power spectrum as-
sume that gravity is the only significant force affecting
the distribution of matter on cosmological scales, but
the reality is not so simple. At distances smaller than a
few megaparsecs or so, the distribution of baryons is af-
fected by processes like gas cooling, star formation, and
feedback, and the distribution of dark matter will also
be affected, although to a lesser extent. These “bary-
onic effects” on clustering have been identified as a key
issue for upcoming cosmic shear surveys [20–25], affect-
ing two-point statistics by several percent, far greater
than the precision that will be required of the associ-
ated theoretical predictions [26, 27]. Because of this,
a variety of strategies have been proposed to mitigate
this uncertainty for the purpose of obtaining cosmologi-
cal constraints, as summarized recently in Ref. [28]. Al-
ternatively, cosmic shear observations can be seen as an
avenue to learn about baryonic effects themselves [29–31].
The impact of baryonic effects on CMB lensing, on the
other hand, is not nearly as well-studied. Ref. [25] found
that a lensing-based neutrino mass constraint would be
biased by ∼10 meV if baryonic effects were given by the
OWLS-AGN simulation [32, 33] but were ignored in a
parameter analysis, for cosmic-variance–limited lensing
measurements over half the sky up to `max = 2000.
Ref. [34] investigated the impact of feedback strength
in the BAHAMAS simulations [35] on cross-correlations
of CMB lensing with other observations, finding, for ex-
ample, that a cross spectrum between CMB lensing and
cosmic shear maps varies by 5% at ` = 1000. However,
Ref. [34] did not explicitly look at the impact on the CMB
lensing auto spectrum on its own, and mainly focused on
tensions between different existing datasets.
In anticipation of upcoming CMB observations by the
Simons Observatory (SO) [36] and possible future CMB
experiments such as CMB-S4 [37–39], PICO [40], and
CMB-HD [41], and also in light of the increasing diver-
sity of cosmological hydrodynamical simulations in ex-
istence, it is worthwhile exploring the issue of baryonic
effects on CMB lensing in greater depth. In this pa-
per, we quantify the impact of these effects on the CMB
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2lensing power spectrum1, based on matter power spectra
measured from simulations with a variety of numerical
schemes and subgrid models for baryons. By comparing
the sizes of these effects with expected power spectrum
errorbars for different experiments, we find that these
effects will not have a huge impact on lensing measure-
ments from an SO-like survey. On the other hand, several
simulations predict an impact that will definitively alter
measurements made by a CMB-S4-like survey. A high-
resolution survey similar to the CMB-HD concept will
detect baryonic effects with high significance, and un-
certainties in these effects will therefore propagate into
lensing-based cosmological constraints. These results are
summarized in Fig. 1 and Table I.
As an example of this propagation of uncertainty, we
estimate the amount by which a measurement of neu-
trino mass with CMB lensing would be biased by ignoring
baryonic effects. We find a wide range of possible biases,
in many cases equal to a significant fraction of the ex-
pected statistical uncertainty on the neutrino mass sum,
indicating that baryonic effects will need to be modelled
appropriately to obtain a robust constraint. These re-
sults are summarized in Fig. 2.
II. CMB LENSING POWER SPECTRUM
A. Method
The observed gravitational lensing of the CMB is sensi-
tive to the projected matter fluctuations of the universe.
The most common way to quantify the lensing effect is
via the convergence power spectrum Cκκ` . It is related to
the matter power spectrum Pm(k, z) by
Cκκ` =
∫ χCMB
0
Wκ(χ)2
χ2
Pm(k`[χ], z[χ])dχ (1)
where
Wκ(χ) =
3
2
ΩmH
2
0
χ
a(χ)
(
χCMB − χ
χCMB
)
(2)
as in Ref. [42], with a = 11+z and k`[χ] =
`+0.5
χ following
the Limber approximation [43, 44].
The matter power spectrum, and therefore the conver-
gence power spectrum, will be affected by baryonic pro-
cesses, but there is currently no analytical theory that
can characterize the impact of these processes on large-
scale clustering with sufficient accuracy.2 Ergo, we must
1 The CMB lensing power spectra we have computed for this work
are available at https://github.com/sjforeman/cmblensing_
baryons.
2 There is hope that perturbation theory could provide such an
analytical theory on quasi-linear scales, even in the presence of
baryonic effects [45, 46], but the corresponding predictions will
still involve free parameters whose values must either be cali-
brated using simulations or fit to observations.
resort to simulations that implement large-scale gravi-
tational clustering alongside hydrodynamics and subgrid
models of baryon behavior such as gas cooling, star for-
mation, and feedback. By measuring the matter power
spectrum from such simulations, we can determine the
impact of baryons on the convergence power spectrum
via Eqs. (1) and (2).
These simulations have made important strides in re-
cent years, and are increasingly successful in reproducing
a variety of observations. For example, previous studies
have shown that the simulations including feedback from
active galactic nuclei (AGN) can provide agreement with
current measurements of optical and X-ray observables of
galaxy groups at z = 0, gas fractions in galaxy clusters,
and star formation rates (notably solving the problem
of “overcooling”, in which there is an overproduction of
stars) [33, 47, 48]. However, different simulations are cal-
ibrated to different observations, and the resulting mea-
surements can, in turn, differ for quantities that are not
calibrated to match—the matter power spectrum being
such a quantity. Therefore, in this paper, we use sev-
eral distinct suites of simulations in order to quantify the
range of effects these simulations imply for CMB lensing.
In particular, we consider the following:
• OWLS-AGN [32]: We use the “AGN” run from the
OWLS simulation suite, which incorporates ther-
mal AGN feedback in addition to radiative heating
and cooling, star formation, and supernova feed-
back via subgrid prescriptions. The OWLS sim-
ulations were run with Lbox = 100h
−1 Mpc and
2× 5123 particles. OWLS-AGN successfully repro-
duces several observation of galaxy groups at low
redshift.
• BAHAMAS [34, 35]: These simulations have sim-
ilar subgrid models to OWLS-AGN, but further
calibrate them against the low-redshift galaxy stel-
lar mass function and gas fractions in groups and
clusters. We use three simulations from the BA-
HAMAS suite: a fiducial version, and versions with
stronger (“High-AGN”) and weaker (“Low-AGN”)
AGN feedback, as implemented via different AGN
heating temperatures. Each simulation was run
with Lbox = 400h
−1 Mpc and 2× 10243 particles.
• Horizon [49–51]: The Horizon simulations were run
using an adaptive mesh refinement scheme, and
were calibrated to reproduce low-redshift black hole
scaling relations. The Horizon-AGN run we use
here, which implements AGN feedback in a quasar
(jet) mode at low black hole accretion rates and a
thermal mode at high accretion rates, also matches
measurements of the cosmic star formation history
and galaxy luminosity functions. The box size was
100h−1 Mpc with 10243 dark matter particles.
• IllustrisTNG [52–57]: These moving-mesh simula-
tions implement AGN feedback thermally at high
3accretion rates and kinetically (imparting momen-
tum to nearby gas particles) at low accretion rates,
building on the earlier Illustris runs [58–61] but
improving the treatment of galactic winds, stel-
lar evolution, and other processes. We use power
spectra from two runs: TNG300-1, with Lbox =
205h−1 Mpc and 2× 25003 particles, and TNG100-
1, with Lbox = 75h
−1 Mpc and 2× 18203 particles.
In each suite, a simulation with baryonic effects in-
cluded is paired with a dark matter only (DMO) coun-
terpart, which accounts only for the gravitational clus-
tering of dark matter and baryonic matter, and does not
include any baryon-specific effects. We incorporate these
effects into the Pm(k, z) in Eq. (1) as
Pm(k, z) = Ptheory(k, z)
P̂bary(k, z)
P̂DMO(k, z)
(3)
as done, for example, in [62]. For each respective suite,
P̂bary(k, z) is the measurement from the simulation with
baryonic effects, while P̂DMO(k, z) is from the corre-
sponding DMO simulation. Ptheory(k, z) is a theoretical
matter power spectrum that accounts only for gravita-
tional clustering of cold dark matter (CDM) and baryons,
along with distinct initial conditions for each.
This scheme of taking the ratio of the measurements
from baryonic and DMO simulations serves a few pur-
poses. Firstly, the discrete matter power spectra mea-
sured from the simulations are jagged due to large sam-
ple variance at scales close to the box size, and hence,
ill-suited for direct integration in Eq. (1). Taking the
ratio R(k, z) ≡ P̂bary(k,z)
P̂DMO(k,z)
gives the mere scaling of the
DMO power spectrum due to baryonic effects, which,
multiplied by a much smoother theoretical power spec-
trum Ptheory(k, z), gives a sufficiently smooth function
to effectively integrate over. We generate the theoreti-
cal matter power spectrum with CAMB3 [63], using the
modified halo model from [64] to incorporate nonlinear
growth, and using the cosmological parameters from the
final Planck results [65].
Secondly, Eq. (1) integrates over all k and z, but
the simulation measurements are made at a finite range
of these variables: at most, k is taken from 0.0628 to
514.7hMpc−1, and z is taken from 0 to 6, as in the case
of OWLS. Beyond this range, we set the matter power
ratio R(k > kmax, z > zmax) = 1 (i.e., the case where the
baryonic and DMO power spectra are equal), where kmax
and zmax are the maximum k and z values of the mea-
surement range. To extract power spectrum values at k
and z values between the discrete measurement points,
we use a 2D cubic spline interpolation function on the
ratio R(k, z) of the simulation measurements.
3 Code for Anisotropies in the Microwave Background:
https://camb.info
Although the integrand in Eq. (1) is non-negligible up
to z = 10, at early times (z & 6), the baryons have not
yet had enough impact on the clustering at the wavenum-
bers k of interest. By varying the kmax and zmax values
beyond which we set R = 1, we have verified that Cκκ`
depends on these values by much less than 1% at least
up to ` ∼ 5000, which are the scales we use to esti-
mate potential biases on a neutrino mass constraint in
Sec. III. At larger multipoles, our computed Cκκ` curves
may slightly underestimate baryonic effects (particularly
for BAHAMAS, where we only have power spectra up to
z = 3), but neither at a level that would be visible in our
plot in Sec. II B nor at a level that would qualitatively
change our conclusions about the impact of baryons on
those small scales.
The analysis of baryonic effects on the lensing power is
only meaningful in the context of whether the effects will
be observable in experiments or not: that is, whether the
associated changes in the lensing power will be compara-
ble to the errorbars from a given experiment. Baryonic
effects could provide an interesting signal on their own,
but in this paper, we will mainly treat them as a source
of errors or biases in future high-precision measurements.
With this in mind, the uncertainty on the convergence
power spectrum at a single ` is given by [66]:
σ` ≡ σ(Cκκ` ) =
√
2(Cκκ` +N
κκ
` )
2
fsky(2`+ 1)
, (4)
where fsky is the observed sky fraction and N
κκ
` is the
noise power spectrum of the reconstructed lensing map.
The errorbar associated with a bin from `min to `max
(neglecting covariances between different multipoles) is
then
σbin =
[
`<`max∑
`=`min
(
1
σ2`
)]−1/2
. (5)
We consider future experiments, which we categorize
as Stage III (similar to the upcoming Simons Observa-
tory [36]) and Stage IV (similar to the proposed CMB-
S4 project [37–39]), as well as the envisioned CMB-HD
experiment [41], which can measure the CMB lensing
power spectrum at an unprecedented precision due to
its significantly increased collecting area. For Stage III
and Stage IV, we assume temperature map noise levels of
6µK-arcmin and 1µK-arcmin respectively, and Gaussian
beams with width 1.4’ for both, while for CMB-HD, we
use the lensing sensitivity forecasts from Ref. [41], based
on Ref. [67]. All calculations for the lensing noise Nκκ` are
obtained for the quadratic reconstruction from Ref. [68],
including iterated delensing of polarization [69].
B. Results
Fig. 1 shows the ratio of the baryonic lensing power
spectra and their DMO counterparts for each suite of
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FIG. 1. The effect of baryonic feedback on the CMB lensing power spectrum. The curves show the ratio of the baryonic
and the dark matter only (DMO) lensing power, and the colors represent the different baryonic simulations used. All curves
experience a suppression of varying degree, depending on the prescription of AGN feedback implemented in the simulations.
OWLS-AGN (green dash-dotted line) has the maximum suppression of about 17% compared to its DMO counterpart. Error
bars from forecasts of Stage III, Stage IV and CMB-HD experiments are shown in the zoomed-in frames. From ` = 500 to 3000
(left frame), Stage III error bars completely mask the effects of baryonic feedback, while Stage IV error bars suggest that the
stronger baryonic feedback models will likely be detectable. In the range accessible to CMB-HD (right frame), the error bars
suggest that all baryonic models presented here will be strongly detected.
Simulation Stage III Stage IV CMB-HD
OWLS-AGN 0.67 4.0 50
BAHAMAS 0.61 3.5 33
BAHAMAS-LowAGN 0.34 2.0 23
BAHAMAS-HighAGN 1.1 6.3 45
Horizon-AGN 0.13 0.79 23
IllustrisTNG100 0.083 0.50 12
IllustrisTNG300 0.014 0.088 4.6
TABLE I.
√
∆χ2bary values for each simulation, yielding the
effective “signal to noise” for the impact of baryons, summed
over all bandpowers.
simulations, as well as the approximate Stage III, Stage
IV, and CMB-HD error bars with a binning scale of
∆` = `max − `min = 200. The forecasted errors provide
a measure of the impact of baryonic feedback on future
surveys of the CMB lensing power spectrum. For, if the
suppression due to baryonic feedback is larger than the
errors, the measurements will have a source of error that
must be accounted for in addition to the statistical error
associated with the experiment.
To quantify the deviation due to baryons in a single
number, which does not depend on the binning scale for
the error bars, we define the effective change in the chi-
square statistic that would be obtained if neglecting the
impact of baryons:
∆χ2bary =
∑
`
(
∆Cκκ`
σ`
)2
(6)
where ∆Cκκ` is the difference between the “true” CMB
lensing power spectrum including baryonic effects, and
the dark matter only “fiducial” lensing power spectrum
that does not: ∆Cκκ` = C
κκ
` |bary−Cκκ` |DMO. This quan-
tity can be considered as the overall “signal to noise ra-
tio” of the effect of baryons for a given survey. We show
the resulting values for
√
∆χ2bary in Table I, for each pair
of simulation and survey.
In the range ` = 500 to ` = 3000, Stage III error
bars are so large that baryonic effects from all simula-
tions are nearly insignificant, with at most
√
∆χ2bary ∼ 1.
On the other hand, with Stage IV errors, simulations
with stronger AGN feedback can become more impor-
tant, with
√
∆χ2bary as high as 6.3.
In the range ` = 10000 to ` = 38000 where CMB-HD
will be the most sensitive, all of the simulations suggest
that the baryonic effects due to AGN feedback are clearly
observable up to at least ` = 17000 (IllustrisTNG300)
5and at most ` = 36000 (OWLS-AGN), beyond which the
statistical error blows up. At the angular scales where
the precision is highest, different simulations have devia-
tions that vary in their significance: from
√
∆χ2bary = 4.6
for IllustrisTNG300 to
√
∆χ2bary > 12 for most of the
remaining simulations. OWLS-AGN shows the highest
deviation from its corresponding DMO simulation, with
the maximum suppression of around 17%, whereas Il-
lustrisTNG300 shows the least deviation with maximum
suppression just short of 5%. In general, the baryonic
simulations adopting the AGN feedback model experi-
ence a suppression at experimentally observable ranges,
and the maximum suppression is reached at varying val-
ues of ` within this range. After this point, correspond-
ing to the high `’s and k’s is a short distance scale in
which galaxy formation takes place. This increases the
clustering of matter, causing the lensing power blow up
drastically; however, simultaneously, the statistical errors
also blow up, making this observation at the high–` range
out of reach. In summary, for CMB lensing surveys at
very high angular resolution, even the most conservative
effects of baryonic feedback are likely to be detectable,
and these effects must carefully be accounted for in the
systematic error budget.
III. NEUTRINO MASS BIAS
A nonzero neutrino mass results in a damping of the
matter power spectrum due to neutrino free streaming,
which occurs because neutrinos are still relativistic when
they freeze out of equilibrium with other species [70]. The
suppression in the matter power brought on by bary-
onic physics, such as AGN feedback, can resemble the
damping introduced by the neutrino masses. If high-
precision experiments are sensitive to baryonic effects in
CMB lensing (and correspondingly the matter power)
measurements at small scales, these effects will bias con-
straints on the neutrino mass sum. In other words, by
underestimating the baryonic effects (that contribute to
the damping of the matter power spectrum, similar to
neutrinos), we overestimate the neutrino mass sum.
The estimated errors on the set of cosmological param-
eters ~θ = {Ωbh2,Ωch2, h, 109As, ns, τ,Mν} can be fore-
casted by the Fisher matrix formalism as in [25]:
∆~θ = F−1
∑
`
∂Cκκ`
∂~θ
1
σ2`
∆Cκκ` (7)
where σ` is given by Eq. (4) and F is the Fisher matrix,
F = C−1prior +
∑
`
∂Cκκ`
∂~θ
1
σ2`
∂Cκκ`
∂~θ
, (8)
with priors incorporated with the matrix Cprior. Using
this formalism, we determine the biases that arise from
ignoring baryonic effects: we appropriately set Cκκ` |true =
Cκκ` |bary, i.e. the “true” CMB lensing includes baryonic
effects, and Cκκ` |fid = Cκκ` |DMO, i.e. where the “fiducial”
lensing does not have baryonic effects. Similarly, taking
the neutrino mass sumMν component of Eq. (7) gives the
difference between the true neutrino mass sum estimate
and the fiducial one.
For each simulation, we use Eqs. (1) to (3) to compute
Cκκ` with and without baryonic effects (setting R(k, z) =
1 for the latter), and inserting them into the above ex-
pressions. We take the covariance matrix between pa-
rameters obtained from other measurements, Cprior, to
have contributions from three sources. Given that the
inference of neutrino mass from upcoming CMB surveys
will be limited by the uncertainty in the optical depth due
to reionization τ [71], we include two choices of prior:
σprior(τ) = 0.006, corresponding to the Planck design
sensitivity, and 0.002, corresponding to the cosmic vari-
ance limit. The value of σprior(τ) = 0.006 is close to the
final official Planck team constraint of σ(τ) = 0.007 [65]
and equal to that obtained in a subsequent reanaly-
sis [72]. The cosmic variance-limited measurement might
be achieved with a future ground-based [73] or space-
based [40, 74] CMB survey. We also include an expan-
sion history prior from baryon acoustic oscillation mea-
surements expected from the DESI survey [75], as well
as a prior from the primary CMB temperature and E-
mode polarization power spectra above ` = 300 from the
CMB experiment under consideration. For this last prior
we neglect covariance between this and the CMB lensing
measure [76]. We use the public code4 from Ref. [77] for
these computations.
Our estimates for the bias on the neutrino mass sum
due to various prescriptions for baryonic feedback are
illustrated in Fig. 2. It is clear that a wide range of bias
is present, depending on the different simulations with
their own characteristic strength of baryonic effects, and
in particular, AGN feedback. Notably, the larger the
effect of AGN feedback, the larger the deviation from
the fiducial neutrino mass sum (Mfidν ) of 60 meV. The
tabulated numerical values of these biases can be found
in Table II in Appendix A.
IV. DISCUSSION
While negligible for previous measurements, it has be-
come increasingly important to quantify baryonic effects
such as star formation, gas cooling, and most eminently,
feedback from AGN, on the CMB lensing power spec-
trum. To study such effects, we have considered a se-
lection of recent suites of hydrodynamical simulations:
OWLS, BAHAMAS, Horizon, and IllustrisTNG. Each
suite contains pairs of simulations that include or ignore
baryonic effects, allowing the impact of baryons to be
4 https://github.com/msyriac/pyfisher
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FIG. 2. Neutrino mass bias due to baryonic feedback in
large scale clustering, shown as deviations from the fiducial
neutrino mass of Mfidν = 60 meV. We use two values for the
uncertainty on the optical depth to reionization, σprior(τ), cor-
responding to the current constraint of 0.006, and the cosmic-
variance-limited constraint of 0.002. For the Stage III experi-
ment the bias is nearly negligible in most cases, with at most a
1
3
σ effect for the simulation with the strongest AGN feedback.
However, with Stage IV the bias is appreciable for many of
the simulations. Numerical values are available in Table II.
isolated from clustering due to gravity alone. We have
taken matter power spectra measured from each simula-
tion suite and computed the corresponding baryonic ef-
fects on the lensing convergence power spectrum, which
is related to the matter power spectrum via a weighted
line-of-sight projection.
We have shown that the inclusion of these effects in the
convergence power spectrum leads to a scale-dependent
suppression on the scales that Stage III and Stage IV
CMB surveys will probe, with a strength that depends
strongly on the specific simulation we consider. Stage III
lensing measurements will reach at most S/N ∼ 1 on
these effects, but Stage IV measurements could possi-
bly afford a much stronger detection if feedback is accu-
rately represented by the OWLS or BAHAMAS simula-
tions, while these effects will still have a small impact if
given by Horizon or IllustrisTNG (see Fig. 1 and Table I).
The CMB-HD experiment concept, which could measure
CMB lensing up to `max ∼ 35000, would see these effects
at very high significance, save for those given by Illus-
trisTNG, which would still enter at the level of S/N ∼ 4.
Furthermore, the error forecasts from Stage III and
Stage IV experiments have allowed us to estimate the bias
on the neutrino mass sum that these baryonic effects will
incur if not properly accounted for. For the OWLS-AGN
simulation, also studied by Ref. [25], we found a compa-
rable absolute neutrino mass bias as that reference, but
a significantly larger relative bias. This is due to the
tighter statistical uncertainty on Mν that we obtained
for a Stage IV survey, due to our inclusion of priors from
external datasets. In general, we found that the simu-
lations with higher prescribed AGN effects (OWLS and
BAHAMAS) result in biases that are a large fraction of
the 1σ statistical error, ranging from about 16σ to ∼ 1σ.
Others (Horizon and IllustrisTNG) showed no significant
bias on the fiducial neutrino mass sum of 60 meV (see
Fig. 2). The large dispersion between these results indi-
cates that the uncertainties due to baryonic physics will
constitute a non-negligible systematic effect for planned
CMB surveys, not only for neutrino mass constraints but
also for other physics that might leave signatures on simi-
lar scales, such as warm [78] or fuzzy [79, 80] dark matter.
We note here that we have performed our lensing fore-
casts using the standard quadratic estimator [68], but
that this estimator is known to be sub-optimal on suffi-
ciently small scales. Other lensing reconstruction tech-
niques (e.g. [81]) can result in lower noise on these scales;
use of these techniques would further exacerbate the need
to model baryonic effects, since they would be detectable
at higher significance in that case.
Luckily, there exist a number of possible methods for
controlling for this uncertainty in CMB lensing measure-
ments. The baryon fractions in group-sized halos have
been shown to correlate strongly with suppression of the
matter power spectrum induced by baryonic effects [82],
and these fractions can themselves be probed using sec-
ondary effects on the CMB, namely the kinetic [83, 84]
and thermal [85–87] Sunyaev-Zel’dovich effects. Thus,
for a given CMB survey, there is the potential of calibrat-
ing matter power spectrum suppression using data from
the very same survey, together with a tracer of large-scale
structure.
Other approaches have also been explored for opti-
cal lensing of galaxies, including modified halo mod-
els [62, 88–90], parametric schemes for modifying N -body
simulation outputs [91, 92], principal component decom-
positions of simulation power spectra [93, 94], or simple
scale cuts to remove data most strongly influenced by
these effects (e.g. [95]). Given the similarities between
CMB and optical weak lensing, our results suggest that
these approaches should be adopted for CMB lensing as
well. Doing so will be an important step towards un-
locking the full potential of CMB lensing to reveal new
physics.
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Appendix A: Neutrino mass bias values
Table II shows the numerical values of the estimated
neutrino mass sum bias, corresponding to the different
colored bars in Fig. 2, along with the ratio of the bias
and expected 1σ neutrino mass sum constraint for each
simulation-experiment pair. This table also shows the
expected 1σ constraint on its own, for each experiment
and for two choices of τ prior for Stage IV.
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